Abstract-Several groups have demonstrated the potential of the Pockels effect in cadmium zinc telluride as a means to detect ionizing radiation. Migrating charge carriers are believed to generate the signal detected via the Pockels effect due to the distortions they create within the electric field; however, trapped space charge beneath the cathode has been regularly observed, which suggests field changes away from the charge generation area. Consequently, the Pockels signal amplitude contains a charge integrated, i.e., dose element. In this paper, the effects of electric field collapse at the location of charge carrier generation are demonstrated. This opens the potential to apply the technique for imaging dose rate distributions. Chargecoupled device images representing the changes in an electric field within the crystal were taken, and the response to illumination from a collimated 1550-nm, 4.5-mW IR laser and irradiation from 150-kVp X-rays was measured. The data demonstrate that the signal acquired is a combination of both the local change in the electric field at the location where the carriers are being released/generated and an element caused by carriers becoming trapped, leading to electric field enhancement due to space charge near the cathode and field reduction toward the anode.
I. INTRODUCTION
A TYPICAL semiconductor detector for ionizing radiation converts the energy deposited by incident radiation into free charge carriers, which can then be collected to give information on the characteristics of the ionization event.
In high-flux environments, electronic components can become damaged and signals induced in connecting cables due to the proximity of the radiation field. The amplification stages are typically positioned close to the detectors photosensitive region to minimize line losses and input capacitance from the connecting wires.
This paper discusses work on the Pockels detection technique which observes how the charges created in an ionization event affect the electric field within Cadmium-based compounds. Experiments by Nelson et al . [1] demonstrated that information on a high-intensity neutron/gamma flux from a reactor pulse irradiating a cadmium zinc telluride (CZT) crystal can be gathered by measuring the changes in the electric field. Subsequent experiments by Prekas et al. [2] showed a similar capability with X-ray radiation. The main advantage of this approach is that the radiation sensitive electronics can be positioned a long distance from the radiation field as the collected charge is not being processed; this potentially means a system built using this technology could be left in situ within a high-flux environment as minimum maintenance would be required. In a similar way to detectors running in continuous current mode, the system should not suffer from dead time as there is no photon counting, thereby removing the associated signal processing overheads and making it possible to operate in higher flux intensities. However, it is likely that detectors in pulse mode are more sensitive due to a lower detection limit [1] , [3] .
The technique utilizes the electro-optical property known as the Pockels effect, where the refractive index of a material varies with the strength of the electric field it experiences. The presence of charges within the medium can distort the electric field, creating variation in the refractive index, which is observed by recording how the polarization direction of transmitted light changes.
In isotropic binary and tertiary crystals such as cadmium telluride (CdTe), CZT, or cadmium manganese telluride (CMT), application of an electric field causes the material to become uniaxial, whereby it has two distinct refractive indexes with one perpendicular to the field lines and the other parallel. The index on the latter (known as the optic axis) is proportional to the field strength as shown in the following equation:
where E is the electric field strength, n(E) is the modified refractive index, n 0 is the field free refractive index at a wavelength λ, and r 41 is the Pockels coefficient. The majority of work within this area has examined CZT crystals which, due to their inherent properties, have low hole mobility. In addition, the material typically contains a sufficiently high concentration of electrically active defects to allow the crystal to build up space charge via the trapping 0018-9499 © 2018 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
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of free charge carriers. This space charge changes the local electric field and, hence, the refractive index. As such, it is possible that the majority of the detected Pockels signal is formed this way, especially if measured close to the cathode where the electric field strength is enhanced [2] , [4] , [5] . If this is the case, then the change in refractive index will have a potentially large time integrated dose element with a time scale determined by the re-emission of trapped charges from the defect states. However, the local photogeneration of free charge carriers is also expected to affect the electric field distribution but in a less accumulative manner. This photogeneration introduces a variation in the free charge carrier density throughout the crystal that is likely to accurately follow the dose rate distribution incident on the material. The potential presence of both of these effects has been acknowledged in [6] ; however, they have not been explicitly identified independently. The study discussed within [6] used a 1550-nm laser to illuminate the entire CZT crystal and then imaged the electric field via a charge-coupled device (CCD) camera combined with a pair of crossed polarizers. Measurements were captured with the cathode at both the top and bottom of the crystal for both bias polarities, with the results showing a buildup of space charge under the cathode in either bias direction, even when the sample was only irradiated near the anode side. This indicated that polarization is contributing to the detected signal. This paper has focused entirely on investigating the detected Pockels signal, separating the space charge aspects across the whole sample volume from the signal component created at the charge carrier generation location. Being able to understand the relationship between the two elements could lead to taking real-time measurements with this technique, which would provide the potential to image radiation fields within the crystal.
II. EXPERIMENTAL METHOD
In order to assess whether the signal contains a local element, we used the same setup as in [6] (see Fig. 1 ) with the exception of a 1-cm 3 Redlen CZT sample as a detection medium, which has one gold planar electrode and a co-planar grid wired together to act as a planar electrode to create a uniform electric field within the crystal. The imaging system works by illuminating the crystal with linearly polarised light, which has been set to −45°with respect to the electric field applied to the CZT by a linear polariser and then via a second linear polariser set at +45°extracting the components of the beam, which have had their polarities changed while passing through the birefringent medium. The large crystal enabled us to illuminate/irradiate the side with a collimated laser or an X-ray beam to observe any changes in the electric field that it caused. A 4.5-mW, 1550-nm laser from Thorlabs (LDM1550) was collimated into a 1 × 10 mm 2 beam and a 3-kW Comet X-ray tube with a tungsten target (MXR-225/22); this was collimated via lead bricks into a 1 × 20 mm 2 beam. Although near infrared response (NIR) light can only photogenerate charge carriers from energy levels within the bandgap resulting in free charge carriers [7] , it is expected that the effect of photogeneration of charge carriers caught in mid-bandgap traps on the electric field using an NIR laser beam is similar to Fig. 1 . Schematic of the Pockels imaging setup used to acquire images under IR laser and X-ray illumination/irradiation, adapted from [6] .
that caused by electron-hole pair generation from X-rays [8] . The main differences are the lower energy and mono-energetic nature of the photons, which will cause the beam to penetrate further into the crystal as it is subbandgap. The X-ray beam has not been characterized explicitly for this paper; however, it is expected that the spatial intensity distribution will be approximately Gaussian.
The light intensity transmitted through the second polarizer (I ) is related to the electric field strength (E) by the following equation:
where λ is the wavelength of the light, I 0 is the intensity from the light source, and d is the length of the light path through the crystal [2] . For both the X-ray and laser sources, the distance between the collimator and crystal was ∼5 cm and from the source to collimator was ∼10 cm, leading to a total of ∼15 cm from the crystal to the source in the laser setup and ∼30 cm in the X-ray setup due to the additional thickness of the collimator. In order to record the localized response to the photogeneration of charge carriers, the 1 × 10 mm 2 laser beam was scanned along the x-axis of the crystal in 0.50 ± 0.01 mm increments using a micrometer-controlled translation stage. To investigate sensitivity to variation in the intensity of the laser, the width and power output of the laser beam were varied, and the fullwidth at half-maximum (FWHM)/peak absolute magnitude of the dip was recorded. While varying the width, the initial power output of the laser was decreased as the collimator was widened to maintain a constant level of overall optical power (0.5 mW) incident on the crystal. This was monitored via an Ophir 3A-P laser sensor connected to a Nova 2 energy meter. The power of the laser was varied using a set of neutral density filters. The bias voltage was set at −2 kV when the top contact was the cathode and 1.75 kV when making it the anode. This corresponds with the crystal quarter-wave point, as illustrated in Fig. 2 , where the Pockels detection technique is most sensitive to changes in refractive index [1] . A sin 2 fit described the data well as expected from (2) and provided r 41 values of 6.62 ± 0.03 × 10 −12 and 7.21 ± 0.03 × 10 −12 m/V for negative and positive biases, respectively. This value is slightly higher than the literature values of 4.5-5 × 10 −12 m/V but still of the same order [9] . Furthermore, the results reported by Shwartz et al. [10] showed that the coefficient may be strongly dopant dependent; hence, the difference could be caused by the presence of small levels of impurities in the crystal. The current-voltage curve is asymmetric, which hints that the sample does not behave exactly the same under both positive and negative biases. This potentially also begins to explain the difference in the positive and negative Pockels curves shown in Fig. 2 , which have been created by averaging along the x-and z-directions of the crystal, where the slope gradients are almost the same, but the two curves are offset in the voltage position.
The CCD light transmission images were captured via a GUPPY F-044B NIR CCD camera with a 4-s acquisition time. It can be seen in Fig. 3(a) that there is little light transmitted through the crystal at 0-V bias, which indicates that the level of stress-induced birefringence caused by any defects is minimal [11] . The system is designed to minimize light from the probing beam of the lamp producing charges in the crystal; a dark room is also used to reduce light from external sources. As the technique creates an image using a 4-s acquisition time, which has been selected due to the low intensity of the light being transmitted (higher intensity light from the lamp causes trapped space charge to be generated), and as the carrier lifetimes are significantly shorter (∼16-160 μs for electrons and 3-30 ns for holes [4] ), the measurement does not capture the fast component of the signal. This means that the data are not sensitive directly to the changes in the electric field as the carriers drift to the electrodes but, instead, it observes a trend averaged over the acquisition time.
III. RESULTS

A. Correlation of Signal Position and Incident Illumination Position (IR)
To test whether local changes in the electric field can be detected, a collimated laser beam was used to illuminate the crystal and the resulting changes in light transmission recorded by the CCD and converted into V/cm via (2) . The profile plots shown in Fig. 4 show how there is a detectable change in the field strength as the beam is scanned down the crystal. The plots were generated by subtracting one image with only the bias voltage applied [ Fig. 3(b) ] from one with the bias and the laser/X-ray [ Fig. 3(c) ] activated. This was completed to counteract any nonuniformity present in the birefringence due to crystal geometry, defects, etc. The images used for I 0 in all of the results were taken at a later date, and while the same setup was used, the alignments were not exactly the same which may have caused the values for electric field strengths in Figs. 4, 6 , and 10 to be smaller than expected for a 2-kV bias. The results still show, however, that a localized birefringence effect is detectable. As the laser is scanned down the crystal, there is a clear change in electric field strength where the laser beam photogenerates the carriers.
B. Confirming That Incident Beam Widths Correlates to Signal Width and Signal Intensity to Illumination Power
With the presence of local changes confirmed, the sensitivity to changes in the laser beam width and power were investigated to provide an indicator of whether this technique will be capable of detecting this type of variation.
The results (Fig. 5) show that as the collimated beam widens, the FWHM of the transmitted light distribution increases, excluding the data point at 0.5 mm, which is caused by the Fraunhofer diffraction through the collimator thereby giving an effective beamwidth of ∼1.5 mm incident on the crystal [12] . The same relationship is seen when measured at different points throughout the crystal. A linear fit with 95% confidence bounds is displayed in Fig. 5 , which encapsulates all the data points within a 1 standard deviation error.
This combined with the results in Fig. 6 , where a linear relationship between the power of the laser and the peak light intensity was measured, means that not only will any detected signal from a laser beam contain a locally produced element, but also it will be sufficiently sensitive to it so that changes in the radiation/illumination beam intensity and position can be detected. The outlier highlighted in the FWHM plot of Fig. 6 was attributed to the low power of the laser, causing the intensity dip to be very close to the noise floor. This meant that while an absolute intensity could be estimated, the peak was not symmetrical, so a Gaussian fit and, hence, the FWHM measurement was very sensitive to the choice of fit region causing the result to become distorted. It is expected that if the peak could have been resolved accurately, the FWHM value would have been similar to those at higher powers. In addition, the error bars on that point are also too small as it is calculated via the Gaussian fit; uncertainties of approximately +/−0.5 mm are more realistic for this data point.
C. Broad Beam X-Ray Illumination
This Pockels detection technique is intended to be used with ionizing radiation; therefore, parts of the experiment were repeated using a collimated X-ray beam. As a first step, the entire crystal was irradiated by 150-kVp X-rays at 5 mA to investigate whether the electric fields response would be uniform.
The results in Fig. 7(b) and (c) show that fringes of high and low-light transmission are created beneath the cathode; this is caused by a large electric field in the area, and as shown in (2), the transmitted light has a sinusoidal relationship with the field strength, which is likely what creates this; a similar effect is also reported by Cola et al. [13] . These features are created by the accumulation of space charge, which we cannot see (clearly) in the laser data.
D. Correlation of Collimated X-Ray Position and Signal Position
To confirm that the local effects from the charge carriers generated using the IR laser also occur with X-ray-induced free charge carriers, a 1-mm collimated X-ray source was compared to the laser illumination of the crystal. The beam was positioned at the 5-mm point and varied over a range of X-ray tube currents. Unlike when using the collimated laser, there is a clear enhancement of the crystal electric field beneath the cathode and at locations away from where the collimated X-ray beam is focused, which creates a CCD image similar to that shown in Fig. 8(c) where the crystal displays lower light transmission nearer the anode and higher area around the cathode due to the building up of space charge and the subsequent collapse of the electric field. This is likely due to a combination of there being significantly more free carriers generated with the X-rays than with IR. It is possible to analyze this type of image by removing a variable baseline generated by tracing the 0.1-mA profile along with the 2-kV background image to isolate the area around the incident X-rays and to enable fitting a Gaussian distribution, as shown in Fig. 8(a) and (b) .
However, clearer images are achieved if an image under bias and a low X-ray flux is subtracted (images with an X-ray tube current of 0.2 mA are used and should not be confused with the 0.1-mA images used for the baselining in Fig. 8) as this reduces the scattering effects so that it cannot be as easily distinguished from noise anymore and enables the location of the collimated X-ray beam to be identified easily; an example of this is shown in Fig. 9 . A light transmission profile plot such as in Fig. 9(b) can then be generated by averaging the images along ∼3.5 mm of the y-axis (corresponding to the 1/e intensity drop = 3.55 mm of the 150-kV X-rays, based on a mass-attenuation coefficient = 4.852 × 10 −1 cm 2 /g and a CZT density = 5.8 g/cm 3 ); negative values on the y-axis are areas of low-light transmission (dark areas in images) [14] . The poly-energetic nature of the X-ray beam means that the majority of the photons will be below 150 keV and as such the value used for the mass-attenuation coefficient is an over estimation. This means that most of the X-rays will not penetrate beyond the 1/e point; however, the coefficient has been chosen as it corresponds to the maximum energy and, hence, penetration depths possible from this beam line, and as seen in Fig. 9(a) , the interactions take place approximately where predicted.
E. Correlation Between X-Ray Irradiation Intensity and Signal Intensity
To confirm that the signal response to collimated X-rays is sensitive to changes in beam intensity (which would, therefore, mean that charge carrier trapping is not dominant on the length scales we are looking at), the X-ray tube current was varied between 0 and 10 mA and the change in amplitude of the signal response was recorded. Between 0 and 1 mA, a linear fit has been applied to the data in Fig. 10 as this is the expected behavior as the absolute peak light intensity varies with the current. However, unlike the laser results, it does deviate from the linear fit and as can be seen in the inset, the intensity starts to the plateau beyond 1 mA.
The plateauing is caused by the field collapsing to within the noise of the system and, hence, limiting the range; in the future experimental setups, any signal range limitation may be overcome by running the detector at a different starting bias voltage.
The X-ray and laser data sets show that there is a clear distinction in location between the signal caused at the charge carrier generation location and space charge buildup effects across the whole sample volume, with the latter being focused around the cathode. The effects that are only observed within the charge carrier generation region could be caused by either space charge effects occurring on much shorter timescales, or be directly related to the increase in free charge carriers and hence temporarily reduced resistivity. Our data acquisition time is too long to be sensitive on the timescales comparable to the expected charge carrier transit times that are below milliseconds [4] . Prokesch et al. [15] suggest that carriers generated locally are likely to not contain a time-integrated dose component generated over several milliseconds.
The ability to distinguish between the localized effects and those across the whole volume means that the detection beam can be directed so that it passes through the crystal in such a way that only the component generated near the incident radiation is measured. The confirmation of both effects forming part of the detected signal means that any theoretical model method is unlikely to rely solely on the relationship between the number of charge carriers created upon an ionization event and the distortion effect they have on the electric field, but it must also take into account a timeintegrated element caused by charge trapping. However, at present, it is unclear what timescales the two are operating within or which is the dominant mechanism and it is this that will determine the importance it has on any future modeling. In order to disentangle, the two-effect measurements of the transient after removing NIR/X-ray radiation are planned to be carried out.
IV. CONCLUSION
Our results indicate that the signal measured via the Pockels detection technique is likely to be a combination of trapped space charge beneath the cathode and locally photogenerated carriers. Both effects have been measured under IR laser illumination, where the carriers are released from traps, and from ionizing X-ray irradiation, where the carriers are generated via electron-hole pairs. The results also show that the Pockels approach is sensitive enough to detect small changes in the local electric field caused by varying the beam's power and width. However, while confirming the presence of both mechanisms by spatially resolving them, the experimental technique used is not capable of discriminating in the time domain and, therefore, identify conclusively the dominant effect at any given location.
Despite these limitations, any theoretical model based on this detection method must combine both components which, owing to the number of variations just within the crystal itself, is complex. Therefore, a semiempirical approach may be most suitable for practical applications. Due to the ability to differentiate between the two effects based on their location, effort should be taken when using this detection technique to focus the detection beam away from the cathode. If this is done, then the majority of the detected signal should arise from the local changes, which could lead to being able to image the radiation field due to it potentially being an accurate measure of the dose rate from the incident radiation. Polarization within CZT is common and well-documented [2] , [4] ; however, there are other zinc-blende material options. Both CMT and CdTe may also be suitable for the Pockels technique. CMT has potentially fewer defects due to a lower segregation coefficient and lower levels of manganese in comparison to zinc to achieve the same bandgap energy range (1.5-2.2 eV); however, if this comes at the expense of dislocations, which are necessary for birefringence, then it may not as suitable as CZT [16] . CdTe generally has slightly higher hole-carrier mobility than that of CZT [17] , which potentially means space charge becomes less of an issue as fewer holes will be trapped. Investigating these different types of crystals and the effects of ohmic contacts may provide a signal that has less of a dose component.
As the results indicate that the space charge is focused around the cathode, other areas of the crystal may yield a signal with a lower dose component; therefore, future work will investigate whether the signal response time varies between the areas beneath the cathode and those around the incident beam. A faster readout technique will be used, incorporating a photodiode as the response time is much faster than a CCD camera. This will enable clarification of the timescales that the technique is sensitive to and, hence, what is being detected.
